RASA1 (also known as p120 RasGAP) is a Ras GTPase-activating protein that functions as a regulator of blood vessel growth in adult mice and humans. In humans, RASA1 mutations cause capillary malformation-arteriovenous malformation (CM-AVM); whether it also functions as a regulator of the lymphatic vasculature is unknown. We investigated this issue using mice in which Rasa1 could be inducibly deleted by administration of tamoxifen. Systemic loss of RASA1 resulted in a lymphatic vessel disorder characterized by extensive lymphatic vessel hyperplasia and leakage and early lethality caused by chylothorax (lymphatic fluid accumulation in the pleural cavity). Lymphatic vessel hyperplasia was a consequence of increased proliferation of lymphatic endothelial cells (LECs) and was also observed in mice in which induced deletion of Rasa1 was restricted to LECs. RASA1-deficient LECs showed evidence of constitutive activation of Ras in situ. Furthermore, in isolated RASA1-deficient LECs, activation of the Ras signaling pathway was prolonged and cellular proliferation was enhanced after ligand binding to different growth factor receptors, including VEGFR-3. Blockade of VEGFR-3 was sufficient to inhibit the development of lymphatic vessel hyperplasia after loss of RASA1 in vivo. These findings reveal a role for RASA1 as a physiological negative regulator of LEC growth that maintains the lymphatic vasculature in a quiescent functional state through its ability to inhibit Ras signal transduction initiated through LEC-expressed growth factor receptors such as VEGFR-3.
Introduction
Ras is a small inner membrane-tethered GTP-binding protein that regulates cell growth, survival, and differentiation (1) . Stimulation of cells with growth factors results in recruitment of guanine nucleotide exchange factors (GEFs) to membranes that switch Ras from an inactive GDP-bound to an active GTP-bound state (2) . GEFs eject GDP from the Ras guanine nucleotide-binding pocket, thereby allowing Ras to bind GTP. In its GTP-bound state, Ras triggers the activation of several different downstream signal transduction pathways, including the MAPK pathway, which couples membrane events to cellular responses (3) . Appropriate growth factor-induced signal transduction requires subsequent inactivation of Ras through hydrolysis of bound GTP to GDP (2) . However, Ras has only weak GTPase activity, and efficient conversion of Ras back to its GDP-bound form requires physical interaction with Ras GTPase-activating proteins (RasGAPs). RasGAPs increase the ability of Ras to hydrolyze GTP by several orders of magnitude (2) .
Numerous RasGAPs have now been identified, many of which have overlapping patterns of tissue expression (4) . Therefore, which RasGAPs regulate Ras activation in which tissues has yet to be resolved. One of the first described RasGAPs is p120 Ras-GAP (RASA1). Despite potential redundancy of function with other RasGAPs, mouse gene knockout studies have indicated an important role for this RasGAP in the control of blood vessel development during embryogenesis (5) . In mice homozygous for a targeted null allele of Rasa1, blood vessel endothelial cells (BECs) fail to organize into a honeycombed network within yolk sacs. In addition, within the embryo, blood vessel growth abnormalities and vessel ruptures are observed, resulting in leakage of blood into the embryo and death at E10.5 (5) .
RASA1 also plays an important role as a regulator of blood vessel growth in adult mice. Specifically, recent evidence indicates that RASA1 functions as a negative regulator of blood vessel angiogenesis triggered in response to tumors or purified angiogenic growth factors, such as FGF (6) . Furthermore, a microRNA has been identified that has specificity for RASA1 and whose expression is strongly induced in BECs by angiogenic growth factors. Induction of this microRNA in BECs during the course of angiogenesis results in downregulation of RASA1 expression. This event is required for continuation of the angiogenic response (6) .
In addition to mice, RASA1 regulates blood vessel growth in humans. Capillary malformation-arteriovenous malformation (CM-AVM; OMIM 608355) is caused by germline mutations of RASA1 that act in a dominant fashion with high penetrance (7) (8) (9) . Capillary malformation in this disease results in the appearance of single or multiple pink cutaneous lesions. In addition, in about one-third of patients, there are fast flow lesions, including intracranial arteriovenous malformations, arteriovenous fistulas, and Parkes-Weber Syndrome. Mutations are distributed randomly throughout the RASA1 gene and include nonsense, missense, and splice-site substitutions as well as insertions and deletions resulting in frame shifts or splice site disruption. In affected individuals, it is hypothesized that disease results from somatic mutation of the normal allele, consistent with the focal nature of lesions.
Concerning the lymphatic vascular system, strict control over Ras signaling would seem paramount. In transgenic mice, overexpression of Ras in endothelial cells results in lymphatic vessel hyperplasia and leakage in the form of tissue edema and chylothorax (10); however, disorders of blood vessel growth and function are not apparent in this model. Conversely, mice deficient in the expression of one or more Ras isoforms develop lymphatic vessel hypoplasia and chylous ascites, also indicative of lymphatic vessel dysfunction (10) . However, which RasGAPs regulate Ras signal transduction in lymphatic endothelial cells (LECs) has not to our knowledge been previously explored. Notably, a small number of CM-AVM patients also develop chylothorax and chylous ascites (9) , which suggests that RASA1 may act as essential regulator of the lymphatic vasculature as well as the blood vasculature.
In this study, we sought to determine the function of RASA1 in tissue homeostasis in adult animals. We used a conditional RASA1-deficient mouse model, in which deletion of Rasa1 in all tissues of adult mice occurs in response to drug administration (11) . In these mice, induced deletion of Rasa1 did not result in the development of spontaneous blood vascular lesions. Instead, a striking spontaneous disorder of the lymphatic vascular system resulted that was characterized by extensive lymphatic vessel dilation, hyperplasia, and leakage defects. These findings revealed an important role for RASA1 as a negative regulator of lymphatic vessel growth and function in unchallenged animals.
Results
Loss of RASA1 expression in adult mice does not result in the development of spontaneous blood vessel abnormalities. To examine the role played by RASA1 in adult tissues, we used mice that carry conditional floxed Rasa1 alleles (Rasa1 fl/fl ) and a ubiquitin promoter-driven Ert2Cre transgene (Ub ert2cre ) (11) . Groups of Rasa1 fl/fl Ub ert2cre and littermate control Rasa1 fl/fl mice were given 2 i.p. injections of tamoxifen (TM) at 2 months of age. This treatment results in complete loss of RASA1 expression in all examined tissues, as assessed by Western blotting of whole organ lysates performed 1 week after TM induction (11) . Given that RASA1 has been identified as a negative regulator of blood vessel angiogenesis in adult mice and that RASA1 mutations cause CM-AVM in humans, we looked carefully for any evidence of spontaneous blood vascular abnormalities in TM-induced animals. However, no capillary or arteriovenous malformations were observed in any tissue, either upon gross examination or by whole mount staining of tissues with an anti-CD31 antibody ( Figure 1A) . A normal density of blood vessels was also observed by staining for SMA in tissue sections (see below).
To confirm that the Ub ert2cre transgene and its protein product are active in blood vessels, we generated Rosa26 eyfp reporter Ub ert2cre transgenic mice (12) . Mice were administered TM at 2 months of age and again 10 days later. After a further 7 days, expression of yellow fluorescent protein (YFP) in blood vessels was shown to be strongly expressed by whole mount staining using anti-GFP and anti-CD31 antibodies ( Figure 1B ). In addition, loss of RASA1 expression in BECs was demonstrated directly by Western blotting (see below). Therefore, the absence of a spontaneous blood vessel phenotype in this model cannot be explained by the absence of Rasa1 deletion in this vessel type.
In contrast to the above findings, constitutive loss of RASA1 expression during embryogenesis results in cardiovascular defects and lethality (5) . To confirm that this phenotype is caused by loss of RASA1 in BECs specifically, we used the Tie1-Cre transgenic line to restrict expression of Cre to this lineage. Among progeny of crosses between Rasa1 fl/+ Tie1-Cre and Rasa1 fl/fl mice, no Rasa1 fl/fl Tie1-Cre pups were identified (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI46116DS1). Results of timed pregnancy experiments revealed that Rasa1 fl/fl Tie1-Cre embryos succumbed at E10-E11 as a result of defective cardiovascular development (Supplemental Figure 1B) , similar to Rasa1-null embryos (5) . Therefore, we concluded that RASA1 has a BEC-intrinsic function during blood vascular development.
Lymphatic vessel dysfunction in induced RASA1-deficient mice. We initially reported that induced RASA1-deficient mice remain healthy for 3 months after TM injection (11) . However, when studies were mice were administered TM at 2 months of age and again 10 days later. 7 days after the last TM injection, whole mount ear and thoracic diaphragm specimens were stained with anti-GFP antibodies to identify sites of YFP expression (green) and anti-CD31 antibodies to identify blood vessels (red). Merged red and green fluorescence images are shown for ear; individual and merged images are shown for diaphragm. The same results were obtained in 6 repeat experiments (n = 6 mice). Original magnification, ×40 (A); ×100 (B).
extended, it became apparent that all Rasa1 fl/fl Ub ert2cre mice succumbed by 8 months after TM administration (Figure 2A ). Prior to death, mice frequently showed signs of labored breathing, and, upon necropsy, the thoracic cavity was filled with a milky white fluid with a high content of triglycerides (240-1,200 mg/dl; n = 7), much higher than that observed in serum. Flow cytometric analysis showed that the majority of cells in the effusion were lymphocytes ( Figure 2B ). Thus, the fluid had all the characteristics of chyle (lipid-laden lymph), accumulation of which in the thoracic cavity presumably suffocates mice, leading to death by chylothorax (13) .
Leakage of lymph was not confined to the thoracic space in Rasa1 fl/fl Ub ert2cre mice, since chyle was also commonly found in the peritoneal cavity (chylous ascites) of deceased animals. Furthermore, flow cytometric analysis of peritoneal flushes of groups of mice treated with TM 3 months previously consistently revealed the presence of large numbers of leukocytes, the majority of which were again lymphocytes ( Figure 2C ). These findings suggested that loss of RASA1 expression in adult mice results in a more general lymphatic leakage defect. To confirm this, we performed Evans blue tracing studies. Mice treated with TM 3 months prior were injected with Evans blue in the hind footpads and tail. After 1 hour, mice were euthanized, and drainage of dye into the thoracic duct was examined ( Figure 2D ). In TM-treated Rasa1 fl/fl mice, dye was readily detected in the thoracic duct, to which it gains access via the cisternae chyli. In contrast, in TM-treated Rasa1 fl/fl Ub ert2cre mice, drainage of dye to the thoracic duct was never observed; instead, dye commonly leaked into the peritoneal cavity of mice, presenting as blue chyle ( Figure 2D ).
Lymphatic vessel dilation and development of extensive lymphatic vessel hyperplasia in induced RASA1-deficient mice. Chylothorax, which occurs perinatally, has been reported in some other mutant mouse models (14) (15) (16) (17) . In these models, chylothorax is often associated with dilation of thoracic lymphatic vessels. To determine whether thoracic lymphatic vessels of induced RASA1-deficient mice also show evidence of dilation, we performed immunohistochemical studies of the chest region using a lymphatic-specific LYVE-1 antibody ( Figure 3 , A and B, and ref. 18) . Lymphatic vessels of the chest wall were indeed markedly dilated in Rasa1 fl/fl Ub ert2cre mice. However, more striking was the observed large increase in the density of lymphatic vessels both within the chest wall and on the inside of the chest wall facing the pleural cavity. In control mice, lymphatic vessels were scarce on the inside of the chest wall, whereas in Rasa1 fl/fl Ub ert2cre mice, there was almost continuous coverage of the pleural face of the chest wall with lymphatic vessels ( Figure 3B ). The identity of these vessels as lymphatic was confirmed by their expression of VEGF receptor 3 (VEGFR-3) in double immunofluorescence staining experiments (Supplemental Figure 2) .
Lymphatic vessel dilation and hyperplasia was also observed in other tissues of TM-treated Rasa1 fl/fl Ub ert2cre mice. In skin, hyperplasia was readily apparent after i.d. injection of shaved mice with Evans blue dye at the base of the tail ( Figure 3C ). As detected by anti-LYVE-1 immunohistochemical staining, lymphatic vessels in skin and lung were dilated and increased in number ( Figure 3D ). Furthermore, immunofluorescence staining of whole mount diaphragms using an antibody against the Prox1 LEC transcription factor revealed a very large increase in the number of LECs in Rasa1 fl/fl Ub ert2cre mice ( Figure 3E ). Quantitative analysis of skin and diaphragm confirmed the increased density of lymphatic vessels in Rasa1 fl/fl Ub ert2cre mice ( Figure 3F ).
Dynamic imaging of lymph flow in induced RASA1-deficient mice. To study the lymphatic defect in induced RASA1-deficient mice further, we performed dynamic noninvasive near-infrared (NIR) fluorescence imaging studies of lymph flow in live mice (19, 20) . TM-treated Rasa1 fl/fl Ub ert2cre mice and Rasa1 fl/fl controls were injected with indocyanine green (ICG) i.d. at the base of the tail. Fluorescence images of mice were then acquired for up to 20 minutes ( Figure 4 and Supplemental Videos 1 and 2). These analyses provided noninvasive confirmation of the extensive lymphatic hyperplasia in induced RASA1-deficient mice. In control mice, dye followed an almost direct route of drainage from the site of injection to the inguinal LN, and subsequently to the axillary LN, via an inguinalto-axillary internodal lymphatic vessel (INL). However, in induced RASA1-deficient mice, dye first entered into an expansive lymphatic vessel network before drainage to the INL ( Figure 4 ). Another striking feature of the induced RASA1-deficient mice was that numerous lymphatic vessels were seen to branch off from the INL. We have not observed such lymphatic vessel sprouting from this lymphatic channel in control mice. Longitudinal NIR fluorescence imaging of induced RASA1-deficient mice revealed that lymphatic hyperplasia was first apparent at 2-3 weeks after TM administration. Thereafter, the extent of hyperplasia increased progressively, reaching a maximum at 8 weeks after TM treatment (Supplemental Figure 3) .
For several selected regions of interest (ROIs) within the lymphatic network of induced RASA1-deficient and control mice, we analyzed fluorescence intensity with respect to time ( Figure 4B ). These studies revealed an absence of pulsatile activity in the hyper- plastic draining lymphatics proximal to the site of injection in induced RASA1-deficient mice. This is consistent with their identity as lymphatic capillaries or newly formed lymphatic vessels that lack the smooth muscle cell coverage associated with more mature vessels (18) . Likewise, there was an absence of pulsatile activity in lymphatic vessels that branched off from the INL in induced RASA1-deficient mice. Pulsatile activity was detected in larger collecting lymphatic vessels of induced RASA1-deficient mice; however, the propulsive rates in these larger vessels were on average not different from those in control mice ( Figure 4C ). Thus, even though there is lymphatic vessel hyperplasia in induced RASA1-deficient mice, there does not appear to be loss of vessel lymphpropelling ability. This is in agreement with the absence of any evidence of tissue lymphedema in this model.
Lack of smooth muscle coverage of the majority of lymphatic vessels in induced RASA1-deficient mice.
In parallel with our NIR fluorescence imaging studies, we examined whether newly formed lymphatic vessels in induced RASA1-deficient mice are invested with smooth muscle. Tissue sections of chest wall, skin, and esophagus were double stained with anti-LYVE-1 and anti-SMA antibodies ( Figure 5 ). The vast majority of lymphatic vessels in induced RASA1-deficient mice were not invested with smooth muscle. This finding is consistent with the lack of contractile activity in the majority of lymphatic vessels in these animals, as shown by NIR fluorescence imaging ( Figure 4) . Figure 3) and the fact that tissue lymphedema is not observed in induced RASA1-deficient mice both argue strongly against the notion that the increased number of lymphatics arises as part of a homeostatic response to lymphatic vessel leakage. Instead, we hypothesized that increased LEC proliferation is the primary cause of the increased number of vessels. This could be consequent to increased production of LEC growth factors in RASA1-deficient mice causing elevated steady-state concentrations of growth factors in tissues. Alternatively, lymphatic vessel abnormalities could be caused by dysregulated LEC growth factor receptor signaling in response to low concentrations of growth factors in the extracellular milieu. As determined by RT-PCR, no difference in the expression of a number of LEC growth factors - including FGF, PDGF, VEGF-C (the ligand for VEGFR-3), and angiopoietin 1 - was detected in any tissue derived from induced RASA1-deficient mice (data not shown and ref. 18 ). Therefore, to obtain evidence for the alternative hypothesis, we first asked whether the lymphatic vessel phenotype could result from loss of RASA1 specifically in LECs. We used the recently described Prox1 ert2cre knockin line, in which the Prox1 promoter drives expression of Ert2Cre (21) . To confirm that TM-inducible Cre activity was restricted to lymphatic vessels in this line, we generated Rosa26 eyfp Prox1 ert2cre mice. After 3 repeat injections of TM, YFP protein expression was detected in lymphatic vessels, but not blood vessels, of these mice ( Figure 6A ). We further examined whether Ert2Cre is active in both initial and collecting lymphatic vessels in Prox1 ert2cre mice. In Rosa26 eyfp Prox1 ert2cre mice, YFP was expressed within initial lymphatic vessels of the central diaphragm ( Figure 6B ), which were clearly identified by the oak-leaf appearance of the LECs therein (22) . Similarly, YFP was expressed in collecting lymphatic vessels enriched in the peripheral diaphragm ( Figure 6B) , identified by the spindle-like appearance of LECs (22) . Of note, however, in Rosa26 eyfp Prox1 ert2cre mice, YFP was expressed in a relative minority of LECs in initial and collecting lymphatic vessels. Conversely, in Rosa26 eyfp Ub ert2cre mice, YFP was expressed in all LECs of initial and collecting lymphatic vessels ( Figure 6B ).
Induced loss of RASA1 in lymphatic endothelial cells is sufficient to cause lymphatic vessel dilation and hyperplasia. The early onset of lymphatic vessel hyperplasia (Supplemental
Lymphatic vessel-specific inducible RASA1-deficient Rasa1 fl/fl Prox1 ert2cre mice were generated by intercrossing Rasa1 fl/fl and Prox1 ert2cre mice. TM was administered to mice and to Rasa1 fl/fl littermate controls at 2 months of age; 3 months later, mice were analyzed for lymphatic vessel abnormalities. As shown by LYVE-1 immunohistochemical staining, lymphatic vessels in skin of We also examined lymphatic vessel structure and flow in Rasa1 fl/fl Prox1 ert2cre mice by NIR fluorescence imaging ( Figure 7D and Supplemental Videos 3 and 4). Dermal lymphatic vessel hyperplasia was readily observed in Rasa1 fl/fl Prox1 ert2cre mice. Longitudinal NIR fluorescence imaging of Rasa1 fl/fl Prox1 ert2cre mice revealed that the lymphatic vessel hyperplastic phenotype was first apparent 2-3 weeks after TM treatment, similar to Rasa1 fl/fl Ub ert2cre mice (data not shown).
Induced lymphatic vessel-specific loss of RASA1 during development results in chylothorax in weanling mice. In contrast to Rasa1 fl/fl Ub ert2cre mice, no early lethality was noted in Rasa1 fl/fl Prox1 ert2cre mice, and these mice showed no evidence of chylothorax or chylous ascites up to 1 year after TM injection (n = 30). This finding could indicate that, in contrast to lymphatic vessel hyperplasia, lymphatic leakage resulting from systemic loss of RASA1 in adults is not caused by loss of RASA1 in LECs. However, in adult mice, Prox1 ert2cre caused detectable recombination in a minority of LECs in lymphatic vessels (Figure 6 ), which could account for the absence of overt signs of lymphatic vessel leakage. To address this, we administered TM to pregnant Rasa1 fl/fl dams carrying Rasa1 fl/fl Prox1 ert2cre and Rasa1 fl/fl control embryos at E15. Our rationale was that, since all LECs in adult mice must descend from Prox1 + LEC progenitors, then earlier administration of TM during development should result in more effective deletion of Rasa1 in LECs in adult mice (23, 24) . Indeed, TM administration at E15 resulted in chylothorax and death of The majority of newly formed lymphatic vessels in induced RASA1-deficient mice do not have smooth muscle coverage. Sections of chest wall, skin, and esophagus from Rasa1 fl/fl Ub ert2cre and Rasa1 fl/fl mice treated with TM 3-4 months prior were stained with anti-LYVE-1 (green) and anti-SMA (red) antibodies. Some lymphatic vessels (arrowheads) and blood vessels (arrows) are indicated. Original magnification, ×100 (chest wall and skin); ×40 (esophagus).
consequences of increased LEC proliferation, we performed in vivo BrdU labeling experiments. Adult Rasa1 fl/fl Ub ert2cre mice were injected with BrdU 8 and 10 days after TM administration. At 2 hours after the second BrdU injection, whole mount diaphragms were stained with anti-LYVE-1 and anti-BrdU antibodies ( Figure 8C ). At this early time point after TM administration, numerous lymphatic vessel sprouts were observed in Rasa1 fl/fl Ub ert2cre mice, but not in Rasa1 fl/fl mice. Moreover, in Rasa1 fl/fl Ub ert2cre mice, BrdU + nuclei were detected in the vicinity of these sprouts ( Figure 8C ). Under the labeling conditions used, BrdU + nuclei were not identified in Rasa1 fl/fl mice.
To more reliably quantify differences in LEC proliferation, we performed combined in vivo BrdU labeling and ex vivo flow cytometric staining analyses. Rasa1 fl/fl Ub ert2cre mice were injected with BrdU 3 and 5 days after TM administration. At 2 hours after the last BrdU dose, whole lung cell suspensions were prepared and stained with anti-CD45, anti-podoplanin, anti-CD31, and anti-BrdU antibodies. Within whole lung cell preparations, LECs were identified as CD45 -podoplanin + CD31 lo and were readily distinguished from BECs, identified as CD45 -podoplanin -CD31 + ( Figure 8D and ref. 18 ). Consistent with the identity of this population as LECs, cells expressed LYVE-1 and VEGFR-3 (data not shown). Importantly, comparison of LECs from TM-induced Rasa1 fl/fl Ub ert2cre and Rasa1 fl/fl mice revealed an approximately 6-fold increase in BrdU incorporation in the former ( Figure 8D ). These findings support the notion that lymphatic vessel hyperplasia in induced RASA1-deficient mice results from increased LEC proliferation. Conversely, no increase in BrdU incorporation into BECs was noted in TM-induced Rasa1 fl/fl Ub ert2cre mice compared with controls ( Figure 8D ). This finding is consistent with the absence of a spontaneous blood vascular phenotype in these mice.
RASA1-deficient LECs show dysregulated Ras signal transduction initiated through multiple LEC growth factor receptors. As revealed by staining of serial sections of the chest wall with anti-LYVE-1 and anti-phospho-MAPK antibodies, the Ras-MAPK pathway was commonly activated in LECs from TM-induced Rasa1 fl/fl Ub ert2cre mice ( Figure 9A ). In contrast, activation of the Ras-MAPK pathway in LECs of control Rasa1 fl/fl mice was not observed. This observation is consistent with a model in which the loss of RASA1 in LECs allows low levels of growth factors present in the extracellular space of resting animals to trigger activation of the Ras-MAPK pathway and abnormal downstream LEC proliferation.
To determine which LEC growth factor receptors might have become dysregulated in LECs upon loss of RASA1, we conducted in vitro signaling experiments. LECs were isolated from lungs of Rasa1 fl/fl Ub ert2cre and Rasa1 fl/fl mice treated with TM 2 weeks prior by positive selection from whole lung cell suspensions using an antipodoplanin antibody (25) . Cells were then expanded for 5-7 days in medium containing endothelial cell growth supplement (ECGS) before assay. This procedure yielded essentially pure LEC populations that uniformly expressed VEGFR-3 and were not contaminated with epithelial cells (Supplemental Figure 4A) . Western blotting confirmed that RASA1 was not expressed in purified LECs from Rasa1 fl/fl Ub ert2cre mice (Supplemental Figure 4B) .
Figure 6
Cre-mediated recombination in Prox1 ert2cre mice. (A) Adult Rosa26 eyfp and Rosa26 eyfp Prox1 ert2cre mice were administered TM at 2 months of age. Repeat TM injections were given 10 and 20 days later. 7 days after the last TM injection, whole mount diaphragm specimens were stained with anti-GFP antibodies (green) to identify sites of YFP expression and with anti-LYVE-1 or anti-CD31 antibodies (red) to identify lymphatic vessels and blood vessels, respectively. Images were taken from the central part of the diaphragm. (B) Adult Rosa26 eyfp Prox1 ert2cre mice and Rosa26 eyfp Ub ert2cre mice were administered TM as described in A and Figure 1 , respectively. 7 days after the last injection, whole mount diaphragm specimens were stained with anti-LYVE-1 (red) and anti-GFP (green) antibodies. In initial lymphatics, expression was enriched in the central diaphragm; in collecting lymphatics, expression was more commonly observed in the peripheral diaphragm. Similar results were obtained We examined Ras signal transduction initiated by PDGF, FGF, and VEGF-C. Purified LECs were stimulated with growth factors for different times up to 2 hours. Activation of the Ras pathway was then assessed by Western blotting using phospho-MAPK antibodies ( Figure 9B ). For PDGF and FGF, the MAPK response was slightly prolonged in RASA1-deficient LECs. A more marked difference, however, was observed for VEGF-C. In control LECs, the peak VEGF-C-induced MAPK response occurred at 3 minutes. Similarly, in RASA1-deficient LECs, an early peak of MAPK activation was observed at 3 minutes, before a return to baseline levels of activation at 10 minutes. However, in RASA1-deficient LECs, a second wave of MAPK activation occurred 1 hour after stimulation that was maintained for at least an hour. VEGF-C also interacts with VEGFR-2 as well as VEGFR-3 (18) . Therefore, to distinguish between dysregulated signal transduction through VEGFR-3 versus VEGFR-2, we also examined Ras-MAPK activation triggered by VEGF-A, which binds to VEGFR-1 and VEGFR-2 (18) . No difference in the magnitude or kinetics of the VEGF-A-induced MAPK response was observed between RASA1-deficient and control LECs. Therefore, dysregulated Ras signal transduction is specific to VEGFR-3. Differences in the kinetics of Ras signal transduction induced by FGF, PDGF, and VEGFR-3
Figure 7
Lymphatic vessel hyperplasia and chylothorax in LEC-specific induced RASA1-deficient mice. (A and B) Skin sections and whole mount diaphragms from Rasa1 fl/fl Prox1 ert2cre and Rasa1 fl/fl mice injected with TM 3 months prior (at 2 months of age) were stained with anti-LYVE-1 and anti-Prox1 antibodies, respectively, to identify lymphatic vessels (arrows in A). (C) Number of lymphatic vessels and Prox1 + cells per mm 2 in skin and diaphragms, respectively, of mice in A and B. Data (mean + 1 SEM) were derived from 6 randomly selected fields from 3 mice per genotype. **P < 0.01; ***P < 0.001. could not be explained by any alterations in the expression levels of respective receptors upon LECs. Thus, RASA1-deficient and control LECs expressed the same levels of VEGFR-3, as determined by flow cytometry (Supplemental Figure 4A) , and the same levels of PDGFR and FGFR-3 (the principal FGFR expressed by LECs), as determined by Western blotting (Supplemental Figure  4B , data not shown, and ref. 26 ).
In the same experiments, we additionally examined activation of the AKT kinase, which also lies downstream of Ras and which promotes cell survival ( Figure 9B and ref. 27 ). FGF and VEGF-A did not induce activation of AKT in either type of LEC (data not shown). PDGF did activate AKT, although no significant differences in the kinetics of AKT activation were apparent between control and RASA1-deficient LECs ( Figure 9B ). In contrast, major differences in AKT activation were noted when LECs were stimulated with VEGF-C. Thus, AKT activation was observed at an early time point (1-3 minutes) in both types of LECs, but only in RASA1-deficient LECs was a second wave of AKT activation observed, first detected at 1 hour after stimulation and again maintained for at least an additional hour ( Figure 9B ). We also examined Ras-MAPK signal transduction in BECs and fibroblasts from induced RASA1-deficient adult mice (Supplemental Figure 5 ). For BECs, we examined signaling in response to PDGF, FGF, and VEGF-A; for fibroblasts, we examined signaling in response to PDGF and EGF. In BECs, PDGF-induced MAPK activation was increased upon loss of RASA1 at the peak of the response, although the kinetics of MAPK activation was not altered. In contrast, for FGF, MAPK activation occurred earlier in RASA1-deficient BECs, although no difference in the magnitude of the response was apparent. For VEGF-A, both the magnitude and kinetics of MAPK activation were the same between RASA1-deficient and control BECs. In RASA1-deficient fibroblasts, the magnitude of MAPK activation (or AKT activation) induced by PDGF and EGF was generally reduced compared with control fibroblasts, although the kinetics of responses was unaltered. These findings may contribute to an understanding of why TMinduced Rasa1 fl/fl Ub ert2cre mice show a spontaneous phenotype only in the lymphatic vascular system (see Discussion).
Increased proliferation and survival of RASA1-deficient LECs in vitro. Since growth factor-induced Ras activation in RASA1-deficient LECs was dysregulated, we next assessed functional responses of purified LECs in vitro. No significant differences between RASA1-deficient and control LECs were noted in assays that measured LEC adhesion to substratum or LEC-LEC intercellular adhesion (measured by electrical resistance of monolayers), LEC migration (measured in wound healing and transwell migration assays), or tube formation on matrigel or collagen matrices either in the presence or absence of growth factors (data not shown). In contrast, as measured in BrdU incorporation assays in vitro, RASA1-deficient LECs proliferated more vigorously, as observed when LECs were stimulated with the combination of PDGF, FGF, and VEGF-C ( Figure 9C ). Individual growth factors were unable to stimulate proliferation of control or RASA1-deficient LECs in these assays (data not shown). In addition, RASA1-deficient LECs were less susceptible to apoptosis induced by serum and growth factor deprivation than were control LECs ( Figure 9D) .
Blockade of VEGFR-3 in vivo is sufficient to prevent lymphatic hyperplasia induced by loss of RASA1 in adult mice. Since the greatest differences in
Ras signaling in RASA1-deficient LECs were observed after stimulation with VEGF-C ( Figure 9B ), we next sought evidence that dysregulated signal transduction through VEGFR-3 is required for the development of lymphatic vessel hyperplasia in vivo. At 2-3 months of age, Rasa1 fl/fl Ub ert2cre mice were administered TM plus a blocking anti-VEGFR-3 antibody (mF4-31C1) that was readministered to mice every 3 days for 8 weeks (28) . Lymphatic vessel hyperplasia in the chest wall was assessed by immunohistochemistry and in skin by NIR fluorescence imaging (Figure 10 ). Strikingly, anti-VEGFR-3 antibody treatment almost completely blocked the development of lymphatic hyperplasia in the chest wall ( Figure 10, A and B) . In contrast, littermate mice treated with TM alone or with TM plus an antibody of irrelevant specificity that was isotype-matched to the anti-VEGFR-3 antibody developed lymphatic hyperplasia at this site ( Figure 10, A and B , and data not shown), as described above. In addition, anti-VEGFR-3 substantially blocked lymphatic hyperplasia in the skin of induced RASA1-deficient mice ( Figure 10C and Supplemental Videos 5 and 6). We concluded that dysregulated Ras signal transduction initiated by VEGFR-3 on LECs is a major contributing factor to the development of spontaneous lymphatic vessel hyperplasia in induced RASA1-deficient mice.
Disruption of button-like tight junctions between LECs in initial lymphatics of induced RASA1-deficient mice with chylothorax. The relationship
between lymphatic vessel hyperplasia and chylothorax and chylous ascites development in induced RASA1-deficient mice is uncertain. Potentially, massive lymphatic vessel overgrowth at affected sites could predispose vessels to mechanical damage and local rupture. Alternatively, loss of RASA1 expression may have a direct effect on LEC junctional integrity. Recent work has established the presence of specialized discontinuous button-like junctions between LECs in initial lymphatics that are composed of VE-cadherin and tight junction-associated proteins (22) . These buttons border overlapping flaps between LECs and are essential for the maintenance of junctional integrity. Therefore, we closely examined the junctions between LECs in initial lymphatic vessels in induced RASA1-deficient mice that had developed chylothorax. Whole mount diaphragm specimens were double stained with anti-VE-cadherin and anti-LYVE-1 antibodies (Figure 11 ). In TM-treated control mice, we readily identified VE-cadherin-containing buttons positioned at the periphery of LECs between LYVE-1-rich flaps. Conversely, in TM-treated RASA1-deficient mice that had developed chylothorax, VE-cadherin buttons were rarely identified, and the expression patterns of VE-cadherin and LYVE-1 at LEC borders were mostly overlapping. These findings strongly support the notion that RASA1 is required for the maintenance of LEC junctional integrity, which explains, at least in part, the development of chylothorax and chylous ascites in induced RASA1-deficient mice.
Discussion
We show here that induced systemic deletion of Rasa1 from adult mice resulted in a spontaneous disorder of the lymphatic vascular system. Loss of RASA1 caused extensive lymphatic vessel hyperplasia that was a consequence of dysregulated LEC proliferation. In addition, loss of RASA1 caused a lymphatic vessel leakage defect associated with the development of chylothorax, chylous ascites, and death. These findings identified RASA1 as a critical regulator of the lymphatic vessel growth and function required for the integrity of the lymphatic vasculature in resting animals.
To determine whether lymphatic vessel phenotypes in induced RASA1-deficient mice were LEC intrinsic, we used a Prox1 ert2cre knockin line, in which expression of Ert2Cre is driven by the endogenous Prox1 promoter (21) . Reporter analysis confirmed that Ert2Cre was active predominantly in lymphatic vessels in this line. A recent report showed that Prox1 is also expressed in venous valves and that in a Prox1 ert2cre BAC transgenic mouse line, Ert2Cre is active in venous valve endothelial cells as well as lymphatics (29) . Conversely, we were unable to detect Cre-mediated recombination in the blood vascular system using the Prox1 ert2cre knockin line described herein. Potentially, this discrepancy could be explained by differences in the level of Ert2Cre expression between lines and/or differences in the TM administration protocol.
Loss of RASA1 specifically in LECs of adult mice was shown to be sufficient for the development of lymphatic vessel growth defects. Hyperplasia of lymphatic vessels in the skin and diaphragm was noted, although in the latter tissue, the extent of hyperplasia was less than that observed upon ubiquitous deletion of Rasa1. In contrast, chylothorax did not develop in adult LEC-specific RASA1-deficient mice. One interpretation of this finding is that development of chylothorax is LEC extrinsic. However, it is more likely that the absence of chylothorax can be explained by relatively weak activity of Prox1 ert2cre versus Ub ert2cre in lymphatic vessels. In the Prox1 ert2cre line, Cre-mediated recombination was detected in a minority of LECs in initial and collecting lymphatics, whereas in the Ub ert2cre line, Cre activity was detected in all LECs. Thus, in order for chylothorax to manifest, a threshold level of Rasa1 deletion may have to be surpassed. In support of this, Rasa1 fl/fl Prox1 ert2cre mice that had been induced with TM at E15 of development, which would be predicted to result in more efficient Rasa1 deletion in LECs, did develop chylothorax 2 weeks after birth.
The LEC-intrinsic nature of the hyperplastic lymphatic vessel phenotype, together with the finding that MAPK was constitutively active in RASA1-deficient LECs in situ, suggested a model in which abnormal spontaneous lymphatic vessel growth arises as a result of dysregulated LEC growth factor receptor signal transduction to the low ligand concentrations normally present in resting tissues. According to this model, in wild-type mice, these ligands would continually initiate activation of Ras in LECs. However, owing to the action of RASA1, this activated Ras would be quickly converted back to the inactive GDP-bound form. In contrast, in RASA1-deficient mice, activated Ras molecules would accumulate, which in turn would result in dysregulated LEC proliferation and survival and overgrowth of the lymphatic vascular system.
Analysis of purified LECs in vitro revealed that Ras signal transduction initiated by PDGFR, FGFR, and VEGFR-3, but not by VEGFR-1 or VEGFR-2, was dysregulated in the absence of RASA1. Specifically, PDGF and FGF stimulated slightly prolonged activation of MAPK in RASA1-deficient LECs. Moreover, whereas VEGF-C stimulated a monophasic activation of MAPK and AKT in control LECs, a biphasic activation of both kinase types was observed in RASA1-deficient LECs. In parallel with these findings, RASA1-deficient LECs showed increased proliferation and survival in response to stimulation with the combination of all 3 growth factors in vitro. RASA1 has previously been implicated in the regulation of FGFRand PDGFR-induced Ras activation (30, 31) . To our knowledge, a similar role for RASA1 as a regulator of VEGFR-3-induced Ras activation has not been reported. However, like the other 2 receptors, VEGFR-3 contains cytoplasmic domain tyrosine residues in canonical motifs that would allow recognition by RASA1 SH2 domains and thus recruitment of RASA1 to membranes during the course of receptor signaling. It is likely that dysregulated Ras signal transduction through VEGFR-3 is the dominant factor that drives lymphatic hyperplasia in induced RASA1-deficient mice. This would be consistent with the finding that anti-VEGFR-3 blockade almost completely inhibited lymphatic vessel hyperplasia in the chest region of induced RASA1-deficient mice and had a significant inhibitory effect on lymphatic vessel hyperplasia in the skin.
Spontaneous blood vessel abnormalities were not observed in adult TM-induced Rasa1 fl/fl Ub ert2cre mice. This cannot be explained by ineffective deletion of Rasa1 in BECs, since in Cre reporter mice, the Ub ert2cre transgene was shown to be highly active in blood vessels. Moreover, as shown by Western blotting, in Rasa1 fl/fl Ub ert2cre mice, RASA1 expression in BECs was essentially extinguished in BECs (Supplemental Figure 5) . One reason for the lack of a spontaneous blood vessel abnormality after loss of RASA1 in adult mice may be a redundancy of RASA1 with other RasGAPs in BECs. In this regard, extended activation of the Ras-MAPK pathway in response to different growth factors was not observed in RASA1-deficient BECs as it was in RASA1-deficient LECs. A second basis for the lack of a spontaneous blood vessel phenotype may be that activation of Ras by itself is not sufficient to drive BEC proliferation. This is indicated by the finding that transgenic overexpression of Ras in LECs and BECs in mice results in the same development of lymphatic vessel hyperplasia, but not blood vessel abnormalities, as described here (10) .
Although a spontaneous blood vessel phenotype was not observed in adult induced RASA1-deficient mice, it is important to point out that RASA1 does play an important role in the blood vascular system in adults during pathological angiogenesis. Thus, microRNA-mediated loss of RASA1 is essential for blood vessel angiogenesis toward tumors (6) . RASA1 is also critical for blood vessel function during development. In RASA1-deficient embryos, there is a failure of normal blood vessel patterning in both the yolk sac and the embryo itself, which leads to embryonic death (5) . Furthermore, as shown here, this was consequent to loss of RASA1 specifically in BECs (Supplemental Figure 1) . Whether blood vascular defects in RASA1-deficient embryos develop as a result of aberrant Ras activation in BECs is uncertain (32, 33) . RASA1 has been shown to be required for directed cell movement, the impairment of which may instead underlie defective blood vessel patterning in RASA1-deficient embryos. Importantly, RASA1 is thought to regulate directed cell movement in a manner independent of its ability to regulate Ras, but rather dependent on physical interaction with p190 RhoGAP, which functions as a GAP for the Rasrelated Rho small GTP-binding protein.
In humans with CM-AVM, mutations of the RASA1 gene do cause spontaneous blood vascular lesions in children and adults (7) (8) (9) . This could reflect a genuine species difference between humans and mice with regard to the role of RASA1 in regulation of the mature blood vasculature. However, in CM-AVM, RASA1 loss through second-hit mutation may occur during embryonic development. In contrast, in the induced RASA1-deficient mouse model described here, expression of RASA1 remained intact throughout embryonic development. Therefore, should loss of RASA1 during development be necessary for the appearance of spontaneous blood vascular abnormalities that present after birth, differences in the timing of RASA1 loss in CM-AVM and in the induced RASA1-deficient mouse model could account for the differences in phenotype.
Interestingly, chylothorax and chylous ascites have been observed in a small number of CM-AVM patients (9) . Because chylothorax and chylous ascites are rare in humans, a spontaneous lymphatic vessel phenotype resulting from loss of RASA1 expression appears to be conserved across species. It is possible that a larger number of CM-AVM patients show lymphatic abnormalities, such as hyperplasia, that may be revealed by noninvasive NIR fluorescence imaging (34, 35) . Alternatively, an apparent lower incidence of lymphatic abnormalities in CM-AVM could be explained by a requirement for second-hit mutations in LECs in order for lymphatic vessel lesions to manifest. Such second-hit mutations would be expected to occur in only a minority of LECs. This contrasts with the induced RASA1-deficient mouse, in which the vast majority of LECs would lose expression of RASA1.
VE-cadherin-rich button-like junctions between LECs in initial lymphatics of the chest region were disrupted in induced RASA1-deficient mice. This finding provides a potential explanation for lymphatic vessel leakage in this model. Notably, both tissue edema and chylothorax develop in mice that overexpress Ras in LECs (10) . This suggests that the lymphatic vessel leakage defects that occur after RASA1 loss are consequent to aberrant Ras activation in LECs. However, how aberrant Ras activation relates to disruption of button-like junctions remains to be established.
Cell signal transduction. Cells were detached from plastic by incubation in Accutase (Sigma-Aldrich) and seeded in DMEM into wells of 96-well plates (5 × 10 4 cells/well) coated (LECs and BECs) or not (fibroblasts) with collagen. After overnight culture, cells were stimulated with 100 ng/ml murine PDGF-ββ (BioVision), murine FGF (R&D Systems), rat VEGF-C (Genway), or murine VEGF-A (R&D Systems) for different times at 37°C. Cells were then lysed in nonident P-40 lysis buffer, and activation of ERK and AKT was determined by Western blotting of cell lysates using phospho-specific anti-ERK and anti-AKT antibodies (Cell Signaling Technology). Blots were reprobed with anti-ERK, anti-AKT, and anti-GAPDH antibodies (Cell Signaling Technology) to confirm equivalent protein loading. Equivalent expression of PDGFR and FGFR-3 was shown by Western blotting of RASA1-deficient and control LEC lysates using specific antibodies (Abcam). Loss of RASA1 expression in RASA1-deficient LECs was also shown by Western blotting using a specific antibody (Santa Cruz Biotechnology).
LEC proliferation. Detached LECs were seeded in DMEM with 5% fetal calf serum into collagen-coated wells of 96-well plates (3 × 10 3 cells/well). The following day, cells were stimulated with growth factors as described above. After 24 hours, BrdU was added to the cultures, which were incubated for an additional 24 hours. Incorporation of BrdU was measured using a cell proliferation ELISA kit (Roche).
LEC survival. LECs were grown to confluency in wells of 24-well plates. Wells were then washed, and either DMEM or DMEM supplemented with 20% fetal calf serum, heparin, and ECGS was added back to wells. After 3 days, all cells in wells were harvested, and the extent of apoptotic cell death was assessed by staining with fluorochrome-coupled annexin V and 7-AAD (BD BioSciences). 7-AAD + cells were eliminated from analysis.
Statistics. Statistical analysis was performed using the Student's 2-sample t test. A P value less than 0.05 was considered significant. Study approval. All experiments performed with mice were in compliance with University of Michigan and University of Texas Health Science Center-Houston guidelines and were approved by the respective university committees on the use and care of animals.
